New symmetric and lattice shaped high-temperature superconducting coil cross sections  by Uchiyama, Naoya & Ishiguri, Shinichi
Results in Physics 6 (2016) 515–519Contents lists available at ScienceDirect
Results in Physics
journal homepage: www.journals .e lsevier .com/resul ts - in-physicsNew symmetric and lattice shaped high-temperature superconducting
coil cross sectionshttp://dx.doi.org/10.1016/j.rinp.2016.07.001
2211-3797/ 2016 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
⇑ Corresponding author.
E-mail address: ishiguri.shinichi@nihon-u.ac.jp (S. Ishiguri).Naoya Uchiyama a, Shinichi Ishiguri b,⇑
a Fukui National College of Technology, Geshi, Sabae, Fukui 916-8507, Japan
bNihon University, 1-2-1 Izumi-Cho, Narashinoshi, Chiba 275-8575, Japan
a r t i c l e i n f oArticle history:
Received 17 May 2016
Accepted 4 July 2016
Available online 11 July 2016
Keywords:
Symmetric and lattice shaped coil cross
sections
Critical current
Stored energy
Leakage magnetic fieldsa b s t r a c t
To improve the performances of high-temperature superconducting (HTS) coils, it is necessary to store
more energy within a shorter HTS tape length and to reduce leakage magnetic fields. To attain these
goals, we need to increase the critical current of the coil. The critical currents and n-values of the HTS tape
generally depend on the magnitudes and angles of the applied magnetic field. Therefore, we calculated
the transport current performances of HTS coils with anisotropic properties. In general, anisotropy gen-
erates relatively large electric fields at the coil edges, limiting the transport current performances of the
coil. To solve this problem, we proposed a new symmetric, lattice shaped HTS coil cross sections. The coil
assembly consists of small ring-shaped coils of rectangular cross section forming pairs of Helmholtz coils.
As a result, the angle between the magnetic field and tape and electric fields decreased, resulting in an
increase in the critical current of the coil. Through this optimization, the stored energy increased 2.2
times compared with a normal rectangular solenoid coil with the same HTS tape length. Furthermore,
the leakage magnetic field was substantially reduced.
 2016 The Authors. Published by Elsevier B.V. This is an open access articleunder the CCBY license (http://
creativecommons.org/licenses/by/4.0/).Introduction
To date, superconductivity has been studied intensively [1,2].
While the mechanism that gives rise to high-temperature super-
conducting behavior has received much attention [3,4], applica-
tions of such superconductors are also important. In particular,
the development of high-temperature superconducting (HTS) coils
is of fundamental importance for superconducting magnetic
energy storage and similar applications [5–7].
The zero electrical resistance of a superconducting coil gives
rise to a persistent current, enabling electrical energy storage with-
out conversion to another form of energy. The current from the
electric power system is converted to dc current by thyristors
and is stored as the persistent current. Because a quench may
occur, accident detection and protection devices are also included.
In a SMES comprising many coil elements, a chain of quenches may
be caused by a quench of a single coil element owing to the short
time constant for the current decrease in the quenched coil. More-
over, to avoid the chain of quenches, the energy stored in the coil
element must be rapidly discharged. To compensate the leveling
of a load and the instantaneous decrease of the voltage, the surpluselectric energy generated at night is stored and is then discharged
at daytime when the demand for electric power is high. This
improves the power generation efficiency of the superconducting
coils. Recently, the Advanced Superconducting Power Conditioning
System (ASPCS) comprising SMES, FC-EL, and H2 storage has been
proposed to be built next to a LH2 storage tank of a vehicle station
to effectively use the cooling capability of liquid hydrogen [8–10].
Although it is still desirable to take advantage of superconduc-
tivity at high temperature using HTS coils, the manufacturing cost
of HTS tapes is high. In addition, the critical currents in HTS tapes
are dependent on magnetic field angles. These factors reduce the
performance of an HTS coil.
In this study, we investigate the reduction of magnetic field
angles by creating a new HTS coil.
To improve the performance of HTS coils, it is necessary to store
more energy within shorter HTS tape lengths and reduce leakage
magnetic fields. To attain these goals, we must increase the critical
current of the coil. At a constant temperature, the critical currents
and n-values of an HTS tape wire generally depend upon the mag-
nitudes and angles of the magnetic field [11,12]. To design a coil,
we must determine the magnetic field dependence of the critical
current of the HTS tape wire. Therefore, we measured the critical
currents and n-values of an HTS tape wire at 77 K by varying the
magnetic field magnitudes and angles and determined the param-
Table 1
Specifications of an original HTS coil.
Number of turns 6548
Inner diameter (mm) 50
Outer diameter (mm) 160
Height (mm) 100
Inductance (H) 2.1
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equations, we could predict the transport current performance of
the HTS coils and thereby design new HTS coils. Moreover, large
magnetic fields and magnetic field angles at the coil edge generate
relatively large electric fields, thereby limiting the transport cur-
rent performance of the coil. To solve this problem, we proposed
new symmetric, lattice shaped HTS coil cross sections. Each ele-
ment of the coil cross sections forms several circles and is symmet-
ric. This structure showed the functionality of a Helmholtz coil
between each coil element. As a result, magnetic field angles and
electric fields decreased, resulting in a substantial increase in the
critical current of the coil. Through this optimization, the stored
energy increased by a factor of 2.2 compared with that stored by
a conventional rectangular solenoid coil with the same HTS tape
length. Furthermore, the leakage magnetic field was substantially
reduced.
Method
Fitting equations of critical current and n-value of an HTS tape wire [7]
To calculate the current–voltage characteristics of HTS coils, it is
necessary to determine the magnetic field dependences of the crit-
ical current and n-values of the HTS tape wire. To acquire these
data, we measured the critical currents and n-values of a Bi-
2223/Ag tape wire at 77 K, varying the magnitudes and angles of
the magnetic field. From these results, we derived fitting equations
for the critical current and n-value with parameters of magnetic
fields and angles. In Eqs. (1)–(4), the tape width and thickness
are 4.0 mm and 0.2 mm, respectively, and the silver ratio is 1.3:
IcðB; hÞ ¼ 63:9 expff ðhÞ  Bg ð1Þ
f ðhÞ ¼ 1:8þ 6:4 103hþ 8:2 103h2
 2:4 104h3 þ 3:16 106h4  1:47 108h5
ð2Þ
nðB; hÞ ¼ 17:2 expfgðhÞ  Bg ð3Þ
gðhÞ ¼ 1:81 109  h5 þ 5:10 107  h4
 4:87 105  h3 þ 1:29 103  h2 þ 0:06 hþ 0:97
ð4Þ
Above, Ic [A] is the critical current, n denotes the n value, B [T] is
the magnetic field, and h [] is the angle between the tape and the
magnetic field.
Current–voltage characteristics of an HTS coil [5,7]
From the best-fit equations derived in the previous section, we
could obtain the current–voltage characteristics of HTS coils. The
procedure is summarized below:
1. Calculate the magnetic field distributions (magnitudes and
angles) within the entire cross-sections of the HTS coil.
2. For each turn, calculate the critical current and n-value using
Eqs. (1)–(4).
3. Obtain the voltage across each turn, and sum these voltages
over the entire cross-section. Note that the voltage can be
obtained by the following equation:
E ¼ E0 IIc
 n
; ð5Þ
where E, E0, I, Ic and n denote the electric field, the defined electric
field, the operating current, the critical current and the n-value.Employing this equation, the voltage along each turn is
obtained by the integral.
The specifications of the conventional coil shape are listed in
Table 1. This coil design was based on the constant Fabry factor
curve [13]. The current–voltage characteristics of the coil are plot-
ted in Fig. 1. From this figure, a critical current of Ic = 13.8 A was
obtained defining Ic at 0.5 lV/cm, i.e., 107 mV for the complete coil.
Note that there is another definition that is in line with the crite-
rion of critical current of the conductor used. That is, if we define
the critical current of the coil as the operating current at which
the electric field E0 = 0.5 lV/cm appears in one turn. Fig. 2 shows
the magnitude of the magnetic field within the coil cross-section
at the coil critical current (13.8 A). Note that the coil axis is the
z-axis, i.e., the complete picture is obtained by rotation around
the z-axis. Large magnetic fields and angles are observed at the
edge regions; these serve to enhance the electric fields around
the coil edges, as shown in Fig. 3. This behavior irrevocably limits
the transport current performance of HTS coils.Results
Design concept of new HTS coil cross sections
In the newly proposed coil cross sections, small rectangular
coils were circularly arranged in the r–z plane in cylindrical coor-
dinates; furthermore, the small rectangular coils were organized
into several internal circles. An entire cross-section of the newly
proposed coil is presented in Fig. 4. Rotating this figure by 360
around the z-axis yields the complete form. These cross sections
are highly symmetric; using this configuration, each elemental coil
and its nearest coil act as Helmholtz coil. Thus, the magnetic field
angle of each elemental coil is substantially reduced. The design
conditions are listed below:
1. The total volume and employed HTS tape length of the coil cross
sections are those of a conventional rectangular solenoid coil.
2. The coil assembly consists of small rectangular coils with iden-
tical shapes (the elemental coils). The initial specifications for
trial analysis of the proposed coil configuration are presented
in Fig. 5.
The I–V characteristics, electric field distribution, and magnetic
flux lines of the above-described coil were evaluated. The critical
current of the proposed coil was much larger than that of a normal
rectangular solenoidal coil, as shown in Fig. 6.
As indicated in Fig. 7, the electric field is significantly lower in
the proposed coil cross sections than in a conventional rectangular
solenoid (see Fig. 3). This phenomenon is responsible for the
increased critical current of the proposed coil cross sections, as
shown in Fig. 6. Note that, in the analysis of Fig. 7, due to the lim-
itation of capability of computing, employing the symmetry, the
figure was created.
Moreover, the magnetic field angles in each elemental coil were
modified by the proposed arrangement because each elemental
coil together with its nearest elemental coil forms a Helmholtz coil,
as shown in Fig. 8. This modification improved the critical current
of the proposed coil. Fig. 9 reveals that the magnetic fields were
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Fig. 1. Current–voltage characteristic of the original HTS coil. Critical current is
defined at 107 mV.
Fig. 2. Magnetic field distribution of the original HTS coil.
Fig. 3. Electric field distribution of the original HTS coil.
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Fig. 4. Cross sections of superposed structure coil.
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Fig. 5. Analytical cross sections of the proposed coil.
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Fig. 6. Comparison of current–voltage characteristics (the critical current is defined
at 107 mV).
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nearest-neighboring elemental coils, canceling the leakage. Note
that the scales in Figs. 8 and 9 are the same as those in Fig. 7.Optimization
Next, we optimized the cross sections under the following
constraints:
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Fig. 7. Distribution of electric fields of the proposed coil.
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Fig. 8. Flux lines of the proposed coil.
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Fig. 9. Magnetic field distribution of the proposed coil.
Fig. 10. Parameters for the optimization of the proposed coil.
Fig. 11. Coil critical current vs. minimum inner radius.
Fig. 12. Stored energy vs. minimum inner radius.
518 N. Uchiyama, S. Ishiguri / Results in Physics 6 (2016) 515–5191. The total coil volume is constant, i.e., the total employed HTS
tape length is kept constant;
2. Each elemental coil has a square cross-section.
In order to maintain the above conditions, only the variation of
the minimum inner radius is allowed, as shown in Fig. 10.
Fig. 11 plots the coil critical current as a function of the mini-
mum inner radius. Note that because a condition of the design is
to maintain constant total coil volume, the larger the minimum
inner radius, the closer the relative distance between each elemen-
tal coil. The coil critical current was large and almost constant up
to approximately 300 mm due to the modification of magneticfield angles but decreased with increasing minimum inner radii
above 300 mm; this was due to the fact that the relatively closer
elemental coils generated larger magnetic fields.
The stored energy peaked at 300 mm and declined thereafter, as
shown in Fig. 12. This phenomenon can be explained by the
increase in critical current compared with the conventional rectan-
gular coil, in addition to the increase in magnetic field energy
caused by decreasing the relative distance between the elemental
coils. Note that the magnetic field energy is affected by the mutual
Minimum inner radius 300 mm
r
z
[T]
Fig. 13. Magnetic field distribution of the optimum coil.
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decreased critical current resulted in a decrease in the stored
energy. Therefore, an optimal radius existed such that the stored
energy was maximized. Furthermore, as demonstrated in Fig. 13,
the leakage magnetic field magnitudes were significantly lower.
In terms of the stored energy and leaked magnetic fields, the opti-
mized cross sections had a minimum inner radius of 300 mm, its
elemental coils were separated by 13.7 mm, and the area of each
elemental coil was (6  6) mm2. In this configuration, the coil crit-
ical current and stored energy increased by 1.5 times and 2.2 times,
respectively, compared with a rectangular solenoid coil with the
same HTS tape length.
Conclusion
We proposed a new HTS coil design with improved perfor-
mance. First, we measured the critical currents and n-value of an
HTS tape at 77 K, varying the magnetic fields and their angles.
We then derived the best-fit equations for the critical currents
and n-values using the magnetic field magnitudes and angles as
parameters. From these fitting equations, we computed the trans-
port current performances of HTS coils. Consequently, the gener-
ated electric fields at the coil edges were relatively large,
irrevocably limiting the transport current performances of thesecoils. To solve this problem, we proposed a new symmetric, config-
uration of well separated, small ring-shaped coils. Each coil and its
nearest coils act as Helmholtz coil. As a result, magnetic field
angles and electric fields decreased, resulting in an increase in coil
critical current. Through this optimization, the stored energy
increased by 2.2 times compared with the conventional rectangu-
lar solenoidal coil with the same HTS tape length. Furthermore, the
leakage magnetic field was substantially reduced.
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